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ABSTRACT
Excellent weldability and high temperature stability make Inconel 718 (IN718) one of the
most desired alloys to be produced by additive manufacturing (AM). Within the flourishing field
of AM technology, laser powder bed fusion (LPBF) is a popular prospective candidate capable of
fabricating complex and near net-shape engineering components that traditional manufacturing
methods cannot accomplish. In this study, the effects of processing parameters on the relative
density and microstructure was investigated. Gas atomized IN718 powders were used to fabricate
cuboidal specimens via LPBF for metallographic characterization. The specimens were printed
with independently varied laser power (125 - 350W), laser scan speed (200 - 2200 mm/s), and
laser scan rotation (0° - 90°). Archimedes’ method, optical microscopy, and scanning electron
microscopy were employed to assess the influence of LPBF parameters on part density and
microstructure, respectively. In general, relative density greater than 99.5% was achieved for a
wide range of energy density between 50 and 100 J/mm3. At higher laser powers, larger processing
windows to produce high density parts were documented. Microstructural features including melt
pool geometry, lack of fusions defects, keyhole porosity, and grain structure were examined and
correlated to a wide range of LPBF parameters. The cellular microstructure within grains was
observed to decrease with increasing laser scan speed. Based on the measurement of cellular
structures and Rosenthal models, cooling rate in LPBF was estimated to be in the order of 105 –
107 K/s.
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CHAPTER 1 INTRODUCTION
1.1

General Background

Among many additive manufacturing (AM) techniques, laser powder bed fusion (LPBF)
also known as selected laser melting (SLM) utilizes a focused laser to melt selective regions of a
powder bed. As opposed to subtractive manufacturing methodologies, the SLM process proceeds
through a repeated and additive manner where the melted regions solidify into structures
corresponding to the sliced model of a computer-generated design. Since the rapid movement of
the laser is accompanied by a very rapid solidification/cooling (103 – 108 K/s) [1], nearly unlimited
geometrical complexity and customization can be adopted to produce near net-shape quality
components.
In fabricating engineering components, optimizing the processing parameters of LPBF can
be quite arduous. Generally, the most influential processing parameters include laser power, laser
scan speed, laser raster spacing (hatch spacing), and slice thickness. To understand the influence
of these processing parameters on part quality and microstructure, a normalized volumetric energy
density can be adopted [1] and defined in equation (1).

Energy Density (ED) =

Laser Power
Laser Scan Speed × Hatch Spacing × Slice Thickness

1.2

(1)

Motivation

Although LPBF has unique capabilities to produce components of complex and customized
designs, a better understanding of the intricate laser-material interaction is warranted.
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Additionally, only a few alloys are considered printable in the commercial perspective and
therefore, basic process-microstructural understanding [2, 3, 4] of well-behaved alloys such as
IN718 can bolster efforts in commercializing new SLM-tailored alloys. Over the past decade,
researchers have focused on the many aspects of microstructure and mechanical performance of
many alloys [5, 6] including IN718 in additive manufacturing. Despite numerous literatures of
this nickel-base superalloy, limited efforts were made to extensively document the influence of
processing parameters on part quality. Thus, it is imperative to investigate and correlate how
variation in processing parameters can influence AM IN718 components.

1.3

Objective

This work was carried out with the following objectives: Firstly, correlation between part
density and processing parameters of IN718 fabricated by SLM was investigated. Processing
parameters were independently varied as a function of laser power, laser scan speed, and laser scan
rotation angle to produce different behaviors in porosity/flaw formation. Secondly, solidification
microstructure development from laser-material interaction was documented as functions of LPBF
parameters. Finally, evaluation and comparison of cooling rates were carried out using simple
models available for solidification microstructure and traditional welding. Since the mechanical
properties of SLMed IN718 has been widely explored in literature, and a previous publication [7]
detailing the correlation between microstructure and mechanical properties was completed, this
thesis will only focus on the above-mentioned physical metallurgical aspects.
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CHAPTER 2 LITERATURE REVIEW
2.1

Classification of IN718

Since modern aero-engines and advanced gas-turbines push for greater performance, there
is always a need for high temperature performance materials and innovative processing. The
development of INCONEL 718, trademark name of Special Metals Corporation, led to major
advancements in the alloy design for the nickel-base superalloys and its excellent mechanical
performance at high temperatures. Its intended application requires high temperature exposure and
high corrosion resistance under prolonged operations [8]. Much of the alloy’s excellent mechanical
performance, high corrosion resistance, and good fatigue life up to 650°C [9] stems from the
precipitation of coherent intermetallic phases that appear after aging heat treatments at low
temperatures.
The microstructure of IN718 primarily consists a face-centered cubic (FCC) γ matrix with
age-hardening precipitates. The strengthening intermetallic phases are commonly known as the
ordered FCC γ’ – Ni3(Al,Ti) with L12 crystal structure and ordered body-centered tetragonal
(BCT) γ” – Ni3Nb with DO22 crystal structure [9]. Although the γ’ intermetallic is classified as
the primary strengthening precipitate in other Ni-based superalloy systems, its low coherency
strain within the FCC γ matrix leads only to a minor strengthening effect [10] in IN718. In contrast,
the γ” phase is considered the primary strengthening precipitate due to its high coherency strain
with the γ matrix [10]. Other undesirable precipitates such as orthorhombic δ – (Ni3Nb), hexagonal
Laves (Fe2M), HCP η – (Ni3Ti), and various metal carbides can be found within the primary matrix
[11]. Given the complexity of the alloy, the overall microstructure i.e. existing phases,
morphology, distribution, and orientation is a direct result of the material processing route.
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2.2

Selective Laser Melting of IN718

Traditionally, many manufacturing techniques such as forging, casting, and powder
metallurgy are well known for fabrication of IN718 [12, 13]. However, recent advancements in
metal AM enabled rapid production of complex geometries while providing design freedom for
customized components. Since it is impractical to work harden components produced via SLM,
precipitation strengthened alloys such as IN718 received spotlights in the path to new materials
processing and design in additive manufacturing technologies. Standardization of AM processes
is critical in the advancement of metals AM and is currently on-going. The combined effect of
rapid solidification [14, 15] and directional cooling [16, 17, 18] has immense influence on the
resulting microstructure of the material. Furthermore, phase transformations [19] from repeated
thermal cycling adds another layer of complexity to the already expansive paradigm.
Compared to traditional manufacturing processes, the rapid cooling in AM processes
produces distinct microstructures. Cooling rates as high as 108 K/s will produce rejection of solutes
that induces constitutional supercooling ahead of the solidification front, which result in the
instability of the solid-liquid interface [20]. Consequently, the nonplanar solidification will assume
cellular or dendritic morphologies. Simulations mimicking solidification conditions of IN718
processed using electron beam powder bed fusion showed segregation of strengthening elements
along the interdendritic regions [21].
In relation to the scope of this thesis, some studies have focused on the microstructure
obtained by SLM. Wang et al. [22] observed the as-printed microstructural development in IN718
fabricated via SLM. In their study, gas atomized powders with particle size below 50 µm were
selectively melted with bidirectionally alternating raster strategy (90⁰ laser scan rotation) to
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produce raw samples. They reported as-printed IN718 microstructures exhibiting fine cellular
dendrites that is consistent with other studies [23, 24, 25]. Amato et al. [26] fabricated cylindrical
specimens using pre-alloyed atomized IN718 powders with an average particle size of 17 µm.
Similarly, an alternating laser scan rotation angle of 90º was used to selectively melt the preheated
powder bed (80 ºC) within an argon or nitrogen atmosphere. They reported that the as-built
microstructure primarily consisted of columnar dendrites and development of columnar grains
aligned parallel to the build direction. Observation perpendicular to the build direction revealed a
combination of equiaxed and columnar microstructure with dimensions ranging from 0.5 to 1 µm
in thickness.
Zhou et al. [7] fabricated rectangular blocks under an argon atmosphere using pre-alloyed
IN718 powders with a particle size distribution between 10 – 45 µm. At a laser scan rotation angle
of 16°, “fish scale” shaped melt pools containing columnar grains were observed parallel to the
build direction. In some cases, the columnar grains were observed to extend across multiple melt
pool patterns. Most importantly, the as-built microstructure was dominated by segregation of
Niobium (Nb), Molybdenum (Mo), and Titanium (Ti) along the cellular boundary and
interdendritic regions. Moreover, nano-scaled Laves in the form of (Ni,Cr,Fe)2(NbMoTi) and
carbides including (Nb,Ti)(C,B) at 100 – 200 nm, and 50 nm, respectively, were observed in the
as-built condition along significantly segregated interdendritic regions. This is similar to that
observed in a greater magnitude for both wrought and cast material [27].
Authors in [28] have developed a multi-scale model combining finite-element method and
phase-field modeling to simulate the evolution and solidification microstructures of IN718 within
the molten pool. Simulation results demonstrated that primary dendrites grow along the preferred
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crystalline orientation rather than the direction of the thermal gradient, and the simulated
microstructures can change from tilted dendrites to degenerated seaweeds with respect to the
misorientation angle. In fact, results indicated that an increase in the misorientation angle will
produce higher solute concentration of Nb in the liquid. The authors have explained that dendrites
grow much faster with smaller misorientation angle and therefore, giving less time for solute build
up to occur within the liquid. Thus, the probability of forming long chain Laves is reduced and
more discrete formation of Laves particles will form under rapid solidification. Laves particles
with long chain morphology usually increases the hot cracking susceptibility of the alloy [29].
Hence avoiding the long chain morphology with smaller misorientation angles and achieving faster
cooling rates would improve the hot cracking resistance by forming more discrete Laves particles.

2.3

Laser-Material Interaction

Current LPBF systems tend to have smaller laser spot sizes for enhanced surface finish,
improved resolution, and high powers. Like laser welding, different combinations of laser power,
scan speed, and beam size can produce different scenarios of laser-material interaction. When
certain criteria are met, the resulting melt pool can shift from conduction mode to keyhole mode
[30, 31]. In general, changes in laser scan speed can dramatically alter the resulting microstructure
and melt pool shape. Yang et al. [32] showed that microstructure and mechanical properties of
SLMed Ti6Al4V alloy are influenced by the melting mode. They also reported that laser scan
speed is the main parameter for determining melt pool size. Cloots et al. [33] found that the initial
formation of keyholes proceed through the transition of conduction melt pools to deep penetration
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ablation. Furthermore, they observed an accompanying increase in the cross-sectional area at the
respective laser scan speeds, which corresponds to a clear indication of keyhole initiation.
Other studies employed numerical simulation to mimic melt pool development. Yadroitsev
[34] proposed that a 3D finite element model (FEM) can help optimize processing parameters
through numerically simulated melt pools of AISI 420 stainless steel. Similarly, Zhang et al. [35]
studied the thermofluid field in the molten pool that is correlated to the melt pool shape during
SLM of IN718. They found that fluid flow within the molten pool is driven by the Marangoni
effect in which an outward convection takes place. Furthermore, their results indicated that the
convective heat flux in the molten pool will accelerate flow rate and consequently, widen/deepen
melt pools. King et al. [36] investigated single laser tracks and proposed that the threshold for
transition from conduction mode to keyhole mode can be correlated to the ratio of the change in
enthalpy to the enthalpy of melting. They further claimed that the threshold for keyhole mode
could be used to identify the optimal region in which power, speed, and beam size will produce
good quality components. Interestingly, authors in [37] correlated surface morphology/coloring to
the oxygen content found on the surface of melt pools under conduction and keyhole modes in
SLMed Al7050. The authors explained these observations with respect to the convectional flow
within the melt pool. Since convection is weak in conduction mode, the ablation intensity is
insufficient in breaking the thin oxidation scale appearing in the melt/solid interface. Gu et al. [38]
experimentally confirmed the distribution of oxidation films along the edge of the molten/solid
interface and theoretically proposed that surface oxidation can be vaporized with sufficient energy
input.
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Wang et al. [39] compared orientation and grain size of single laser tracks in conduction
and keyhole modes. In this study, columnar grains under conduction mode developed nearly
parallel to the build direction. In contrast, columnar grains under keyhole mode aligned towards
the build direction at the bottom of the molten pool while columnar grains grew perpendicular to
the build direction near the melt pool side walls. Moreover, the average grain size in conduction
mode was reported to be 1.8 times larger than those found in keyhole mode. This observation was
attributed to the variation in the heat dissipation condition between conduction and keyhole mode.
According to [40], thermal conductivity can be affected by the melt pool shape. The effective
thermal conductivity can be increased with increasing aspect ratios of melt pools and consequently,
variation in grain size would occur.

2.4

Mechanical Properties of IN718 in SLM

Segregation of strengthening elements typically occur in IN718 [41], and appropriate
tailoring by heat treatment is therefore necessary. In general, solutionizing at temperatures between
980 – 1065 °C (1-2 hrs) and double aging at 720 °C (8 hrs) followed by 620 °C (8 hrs) produce
good mechanical properties in traditionally manufactured IN718. Amato et al. [26] compared the
mechanical properties between SLM fabricated and wrought IN718. While systematic aging and
annealing optimization were not focused in their study, hardness and tensile strengths of as-built
and annealed specimens were briefly documented. They reported comparable hardness between
as-built/treated components and wrought/treated IN718. For yield strength (YS) and ultimate
tensile strength (UTS), as-built components exhibited lower YS and UTS than wrought IN718.
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However, after heat treatment, SLM fabricated specimens performed slightly better with similar
elongation at fracture. Reported mechanical properties are outlined in Table 1.
Table 1. Mechanical properties of as-built, annealed, and wrought IN718 at room temperature

Sample Condition

YS (MPa)

UTS (MPa)

EL (%)

E (GPa)

As-built

889 – 907

1137 – 1148

19.2 – 25.9

204

Solution
(980°C,1hr)
+
Aged (720°C, 8hr
and 620°C, 8hr)

1102 – 1161

1280 – 1358

10 – 22

201

Wrought

1030 – 1167

1275 – 1400

12 – 21

208

As a precipitation-strengthened alloy, IN718 can exhibit excellent mechanical properties
when produced via SLM and the mechanical properties are frequently related to the unique
microstructure during solidification [42]. Zhou et al. [7], investigated the microstructure,
precipitation, and hardness of SLMed IN718 in the as-built and annealed conditions. All aging
conditions were performed using standard temperatures and time outlined before. They reported
no discernable growth nor dissolution of the segregated microstructure after directly aging the asbuilt samples. Partial dissolution of elemental segregation was produced at 980 °C (1hr).
Subsequent aging showed δ platelets replacing elemental segregation along cell/grain boundaries.
Complete dissolution of segregated elements, recrystallization, grain growth, growth of carbides,
and mitigation of detrimental δ precipitates were achieved when solutionized at 1065 °C for 1
hour. Unlike direct aging, aging after solutionizing at 1065°C (1hr) produced a more homogenous
distribution of strengthening precipitates. Reported hardness values are tabulated and compared in
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Table 2. Other studies [43] observed similar microstructures when SLMed samples were subjected
to similar solution/aging heat treatment temperatures and times. Other studies [44, 45] including
Pröbstle et al. [46] observed high dislocation density in the as-built and aged condition. They
reported that SLM specimens exhibited superior creep performance in as-built and aged (1000
°C/930 °C) condition when compared to cast and wrought counterparts. They proposed that SLMinduced dislocation cells played a role in the overall creep performance but the increased volume
fractions of γ′ and γ″ precipitates could be the main contributor.

Table 2. Tabulated hardness of SLMed IN718 in various conditions reported in [7]
ID

Hardness (GPa)

Vickers

As-built

4.9 ± 0.13

296 ± 2.9

Directly Aged

6.8 ± 0.19

467 ± 4.3

Solution (980 °C)

4.6 ± 0.14

267 ± 2.1

Solution + Aged (980 °C)

6.6 ± 0.18

458 ± 4.2

Solution (1065 °C)

4.4 ± 0.16

235 ± 4.2

Solution + Aged (1065 °C)

7.0 ± 0.14

477 ± 6.6

Aydinöz et al. [47] investigated the mechanical behavior of SLMed IN718 under
monotonic and cyclic loading at room temperature. As shown in Table 3, they reported the highest
strength and lowest ductility in as-built IN718 compared to all other non-aged conditions explored.
Under cyclic loading, solution treated SLM IN718 can reach low-cycle fatigue levels comparable
to conventionally processed counterparts. When aged, SLM specimens were reported to have
lower fatigue life than the conventionally processed aged counterparts. When processed via hot
isostatic pressing (HIP) at 1150 °C, 1000 bar, for 4 hours, SLM specimens contained lower
10

porosity, recrystallized grains, formation of δ phase at grain boundaries, and elimination of SLMinduced dislocation cells. Subsequent aging of HIPed specimens show significant improvement in
cycles to failure at low strain amplitudes but no significant improvement at higher strain
amplitudes.

Table 3. Mechanical properties of SLMed IN718 in various conditions
Condition

YS (MPa)

UTS (MPa)

Vickers

As-built

580

45

320

Solution (1000 °C, 1hr)

535

870

280

Solution (980 °C,1hr)
+
Aged (720 °C, 8hr and 621 °C, 8hr)

1240

1400

515

HIP (1150 °C, 1000 bar, 1hr)

430

875

230

HIP (1150 °C, 1000 bar, 1hr)
+
Aged (720 °C, 8hr and 621 °C, 8hr)

1100

1315

440

Recently, Gallmeyer et al. [48] reported significant increases in YS when as-built samples
were subjected to various post processing conditions (Table 4). More specifically, YS increased
by 47 % after direct aging at 620 °C (24 hrs), 71 % after direct aging at 720 °C (24 hrs), 63 % after
standard solution/aging, and 64 % after solutionizing at 1020 °C (0.25 hrs) and aged at 720 °C (24
hrs). Interestingly, only a 49% increase in YS was observed when the specimen was subjected to
standard solution/aging while attached to the build plate. More interestingly, an as-printed surface
finish had minimal impact on the mechanical performance of the material when compared to its
machined counterpart. Furthermore, they credited the enhancement in YS and elongation to SLM-
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induced dislocation cells and theorized that nanosized carbide/oxide particles act as pinning sites
to stabilize dislocation cells during severe deformation.

Table 4. Mechanical properties of IN718 at various conditions with relative percent differences
to standard heat treated wrought (WSHT) and as-built (AB) [48]
YS
(Mpa)

Condition

UTS
(Mpa)

WSHT

AB

Elongation
(%)

WSHT

AB

WSHT

AB

As-built

760

-34.5

--

1335

-17.1

--

21.3

+57.8

--

Solution
(980 °C, 1 hr)

620

-46.6

-18.4

1325

-17.7

-0.75

28.6

+11.2

+34.3

Solution
(980 °C, 1 hr)
+
Aged
(720 °C, 8 hr and 620
°C, 8 hr)

1240

+6.90

+63.2 1560

-3.11

+16.9 11.6

-14.1

-45.5

Directly Aged
(620 °C, 24 hr)

1120

-3.45

+47.4 1500

-6.83

+12.4 14.5

+7.41

-31.9

Directly Aged
(720 °C, 24 hr)

1300

+12.1

+71.0 1580

-1.86

+18.4

9.6

-28.9

-54.9

1245

+7.33

+63.8 1640

+1.86

+22.8 16.6

+23.0

-22.1

1160

--

+52.6 1610

--

+20.6 13.5

--

-36.6

Solution
(1020 °C, 0.25 hr)
+
Aged
(720 °C, 24 hr)
Wrought,
Solution
(980 °C, 1 hr)
+
Aged
(720 °C, 8 hr and 620
°C, 8 hr)
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CHAPTER 3 EXPERIMENTAL METHODOLOGY
3.1

Powder Characterization

Prior to sample fabrication, the gas atomized IN718 powders acquired from SLM Solutions
were examined by LS 13 320 laser diffraction particle size analyzer (Beckman Coulter) for particle
size distribution. The powder morphology was observed using a field emission scanning electron
microscope (FE-SEM, Zeiss Ultra-55TM). Also, the as-received powders were mounted in epoxy
resin followed by mechanical polishing using standard polishing techniques down to 0.25 µm
diamond paste and etched using a mixed acid etchant for cross-sectional analysis. The etchant
consisted of hydrochloric acid (HCl), acetic acid (CH3COOH), and nitric acids (HNO3) at a
volumetric ratio of 3:2:1, respectively. The cross-sectional microstructure was observed using
SEM, equipped with X-ray energy dispersive spectroscopy (XEDS) for chemical composition
analysis of the IN718 powders.

3.2

Fabrication of Samples using SLM

To study the effect of laser power and laser scan speed on part quality of AM IN718, an
SLM 125HL (SLM Solutions) LPBF system, shown in Figure 1, equipped with a single continuous
IPG fiber laser was employed to print cubic samples with dimensions of 10 x 10 x 10 mm. All
samples were printed within an argon atmosphere with an oxygen concentration at or below 0.1%.
To study the influence of laser power and laser scan speed on part quality and microstructure,
specimens were fabricated according to processing parameters outlined in Table 5. Furthermore,
the influence of laser scan rotation on part quality and microstructure was explored with processing
parameters outlined in Table 6.
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Table 5. Parameter matrix for laser power and laser scan speed study
Laser
Power
(W)

Scan Speed
(mm/s)

Hatch Spacing
(µm)

Slice Thickness
(µm)

Scan Rotation
(°)

Energy
Density
(J/mm3)

125

200 – 800

120

30

16

43.3 – 174

200

200 – 1800

120

30

16

30.9 – 278

275

400 – 2000

120

30

16

38.2 – 191

350

600 – 2200

120

30

16

44.2 – 162

Table 6. Parameter matrix for laser scan rotation study
Laser
Power
(W)

Scan Speed
(mm/s)

Hatch
Spacing (µm)

Slice Thickness
(µm)

Scan Rotation
(°)

Energy
Density
(J/mm3)

125

900

120

30

0, 16, 30, 45, 60, 90

38.6

200

900

120

30

0, 16, 30, 45, 60, 90

77.2

275

900

120

30

0, 16, 30, 45, 60, 90

61.7

350

900

120

30

0, 16, 30, 45, 60, 90

84.9

After fabrication, the specimens were removed from the build plate without standard stress
relieving (ASTM F3055). Lateral and bottom surfaces of the specimens were ground using silicon
carbide (SiC) paper to minimize surface bubbles during density measurements via immersion
technique. Relative density measurements of the printed samples were conducted via Archimedes’
method, pursuant of ASTM B962 - 17. The samples were then cross sectioned according to Figure
2 and mounted in epoxy resin. The cross sections are designated as: XZ, parallel to the build
direction, and XY, perpendicular to the build direction. All sample surfaces were polished down
14

to 0.25 µm diamond paste using standard metallographic procedures and etched using the same
mixed acid etchant mentioned above for 30 – 60 sec. Microstructures before and after etching were
observed and documented using optical microscopy (Nikon Metaphot) and SEM.

Figure 1. SLM 125HL system by SLM Solutions

Figure 2. Schematic of sample cross sectioning procedure
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3.3

Microstructural Characterization and Image Analysis

Microstructures before etching of powder feedstock and SLM samples were first observed
using an optical microscope. Image analysis via ImageJ was employed to quantify the density and
circularity of the powder feedstock. Quantification of powder density and circularity was
approximated using data collected from 10 optical micrographs captured at 10 random locations.
Powder feedstock density can be calculated using equation (2) and the image analysis procedure
is outlined in Figure 3.

Powder Density Percent = 100 -

Total Area of Porosity
× 100
Total Area of Powders

(2)

Figure 3. Powder density estimation via image analysis of as-received feed stock powders: (a)
optical micrograph of powders, (b) processed image outlining total area of powders in image, (c)
processed image outlining total area of porosity within powders
Prior to etching, part density was documented for SLM samples via image analysis outlined
in Figure 4. Similarly, quantification of part density was approximated using data collected from
10 optical micrographs captured at 10 random locations across the sample surface. The total area
of porosity/flaw was measured using image analysis and subtracted from 100 % to obtain the part
relative density for each SLM sample.
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Figure 4. Part density estimation via image analysis of SLM samples: (a) optical micrograph
after thresholding, (b) processed image with flaws outlined
After etching, the melt pool depth and width of all SLM samples were quantified via image
analysis as outlined in Figure 5. With each laser scan, the resulting microstructure (melt pool
pattern) overlaps with the previous and adjacent scan. By observing the last build layer present in
the XZ cross section, the melt pool width and depth were measured. With the assumption of
symmetry within each melt pool, the melt pool width was measured from the edge to the center
and multiplied by a factor of 2 to obtain the approximated value. An approximated average of each
SLM sample was compiled using data collected from 5 different optical micrographs taken at 5
random locations.
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Figure 5. Schematic and representative micrograph of melt pool showing lateral symmetry
In addition, the etched microstructure of all SLM samples were observed under SEM.
Quantification of the cellular microstructure using the linear intercept method, pursuant of ASTM
E112 – 13 was conducted via image analysis. As depicted in Figure 6, horizontal gridlines of equal
spacings were superimposed on a backscatter electron (BSE) micrograph obtained from the XY
cross section. The horizontal gridlines were generated at random for each micrograph, followed
by counting of intersections between the cellular boundaries and the gridlines. The total number
of intersections on each gridline was documented and averaged over 5 gridlines. An approximated
average cell size for each sample was estimated using equation 3. Subsequently, the cooling rate
was calculated using equation (4) [49] where λ is the cellular spacing, ε is the cooling rate, M and
n are materials constants, equal to 50 and 0.33, respectively for IN718.

Cell Size =

Total Length of Line
Total Number of Intercepts

λ = Mε - n

(3)

(4)
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Figure 6. Representative BSE micrograph showing intersections between cellular boundaries and
superimposed gridline
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CHAPTER 4 RESULTS
4.1

Powder Feedstock Morphology and Microstructure

The as-received IN718 powder feedstock was characterized for chemistry, morphology,
and microstructure. First, particle size analysis was completed for the as-received powders and
results are presented in Figure 7 and tabulated in Table 7. The mean particle size of the powder
feedstock is 32.90 µm and 90 percent of the distribution lies below 44.26 µm. A low magnification
cross-sectional optical micrograph of IN718 powders is presented in Figure 8a. The IN718
powders are highly spherical with limited internal porosity. Quantification of powder density and
powder circularity via image analysis yielded 0.88 ± 0.01 and 99.98 ± 0.02 %, respectively. Figure
8b and 8c shows the overall highly spherical powder morphology with limited satellite formation
around the powder surface.
Table 7. Particle size analysis data of as-received IN718 powders

Mean Particle Size
(µm)

D10
(µm)

D50
(µm)

D90
(µm)

32.90

21.51

32.89

44.26

20

16

14

Volume (%)

12

10

8

6

4

2

0
5

10

20

40

Particle Diameter (µm)
Figure 7. Particle size distribution of as-received IN718 powders
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80

Figure 8. Characterization of as-received IN718 powder: (a) optical micrograph of powder cross
section, (b) BSE micrograph of powder cross section, (c) SE2 micrograph of overall powder
morphology, (d) magnified view of (c) showing limited satellite formation, (e) magnified BSE
micrograph of (b), (f) BSE micrograph showing cellular microstructure
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Figure 8f clearly depicts the microsegregated microstructure in the IN718 powders. XEDS
data was obtained for the specified regions shown in Figure 8f. Comparison between point 1
(Figure 9a) and point 2 (Figure 9b), suggested that the cellular boundaries are enriched in niobium
(Nb), Titanium (Ti), and Molybdenum (Mo) as compared to the primary γ matrix. Additionally,
XEDS compositional analysis of as-received IN718 powders is reported in Table 8. Chemical
composition of the as-received powders was comparable to ASTM F3055 - 14.

Table 8. Chemical composition comparison of as-received IN718 to standard composition
Element

ASTM F3055-14

XEDS Analysis

Ni (wt.%)

50 - 55

51.27 ± 0.59

Cr (wt.%)

17 – 21

20.44 ± 0.18

Fe (wt.%)

17

18.85 ± 0.59

Nb (wt.%)

4.75 – 5.5

4.57 ± 0.59

Mo (wt.%)

2.8 – 3.3

2.52 ± 0.21

Co (wt.%)

1

0.09 ± 0.17

Ti (wt.%)

0.65 – 1.15

1.02 ± 0.16

Al (wt.%)

0.2 – 0.8

1.03 ± 0.20

Si (wt.%)

0.35

0.15 ± 0.09

Mn (wt.%)

0.35

0.06 ± 0.09
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(a)

(b)

Figure 9. XEDS Spectra of IN718 powder: (a) γ matrix, (b) cellular boundary rich in Nb and Ti
4.2

Effect of Laser Power and Laser Scan Speed

Parametric investigation of IN718 was carried out to understand the effects of LPBF
parameters such as laser power, laser scan speed, and laser scan rotation on part quality and
microstructure. In most cases, laser power and laser scan speed had the greatest effect on part
quality, and both processing parameters worked dependently to densify the powder bed during part
fabrication. Therefore, it was critical to explore and document the microstructure and printability
of IN718 in SLM by systematic variations of these primary processing parameters frequently
utilized in SLM. By systematically varying laser power and laser scan speed, part density can be
tailored to produce various types of structures including intended porosity. In general, SLM parts
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can be fabricated to have porosities of circular morphology or irregular flaws that exists throughout
the bulk volume. Additionally, different combinations of laser powers and laser scan speeds can
produce high density parts when sufficient conditions such as overlapping of melt pools are met.
Longitudinal (XZ) and transverse (XY) cross sections of all printed samples were first
examined via optical microscopy. To explore the effects of laser power and laser scan speed on
part density, optical micrographs were utilized for image analysis to estimate part density over
wide range combinations of laser powers and laser scan speeds. Exhibited in Figure 10, cubic
samples with high volumetric energy densities i.e. slow laser scan speeds, had circular porosities
typically associated with trapped gas during laser-material interaction. As the laser scan speed
increased, a clear departure from the circular pores was observed. Samples printed with 125 W
was observed to show an abrupt transition between a low-density microstructure (400 mm/s) to a
high-density microstructure (600 mm/s), and subsequently to a less dense microstructure at 800
mm/s. Samples fabricated with a laser power of 200 W also exhibit a similar transition from lowdensity (high concentration of circular pores) to a slightly larger window of high-density parts.
Furthermore, a continued increase in laser scan speeds beyond the optimal processing window
brought forth the development of irregular or lack of fusion flaws. Similarly, higher laser powers
of 275 W and 350 W produces the same types of defects across the laser scan speed spectrum.
Microstructure transitions from low-density to high-density was shifted to higher laser scan speeds.
The optimal processing window that produced higher relative density for IN718 was observed to
be larger at 275 W and 350 W compared to 125 W and 200 W.
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Figure 10. Optical micrographs of XZ and XY cross sections of IN718 fabricated with varying laser power and laser scan speed while
hatch spacing (120 µm), and slice thickness (30 µm) were kept constant
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4.2.1

Quantification of Defects with Varying Powers and Scan Speeds

Metallurgical defects, i.e., keyhole porosity and/or lack-of-fusion flaws, were quantified
on both XY and XZ cross sections, and are plotted in Figure 11. Although relative density obtained
via Archimedes’ method was lower compared to relative density obtained via image analysis, the
overall trend is consistent for both methods of measurements. As shown in Figure 11, specimens
with the highest density were found at moderate scan speeds. Correspondingly, for all investigated
laser powers, part density increased gradually to a maximum and progressively decreases in a
negative parabolic manner. Relative density was plotted in Figure 12 as a function of energy
density determined based on equation (1). When printed at 125 W, part density was highest at 57.9
J/mm3 and gradually decreased as energy density increased. A similar trend was observed at 200
W, 275 W, and 350 W; however, part density increased more abruptly before reaching the observed
maximum. For all investigated laser powers, part density was the highest when printed between
50 – 100 J/mm3. Interestingly, the decrease in part density became more gradual with increasing
laser powers and the highest part density was typically found at the inflection point of the densityenergy density curve.
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Figure 11. Density measurements as a function of laser scan speeds at constant hatch spacing and
slice thickness of 120 µm and 30 µm, respectively
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Figure 12. Density as a function of energy density at hatch spacing, and slice thickness of 120
µm and 30 µm, respectively
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4.2.2

Melt Pool Dimensions with Varying Powers and Speeds

Measurement of melt pool geometry, i.e., melt pool depth and widths were carried out for
all samples. Typical melt pool widths and depths are presented by optical micrographs in Figure
13, and quantified melt pool dimensions are plotted in Figure 14 as a function of laser scan speed.
As depicted in Figure 13, increasing laser scan speed at a constant laser power, i.e., decreasing
energy density, yielded a decrease in both the melt pool width and depth. Optical micrographs in
Figure 13a and Figure 13b show the microstructure of samples printed with high energy density.
The last laser scan layer is dominated by deep keyhole melt pools frequently containing porosity
near or at the bottom. As laser scan speed increased to 600 mm/s and 800 mm/s, Figure 13c and
Figure 13d, respectively, a clear decrease in porosity along with melt pool geometry reflective of
conduction mode were observed. The decreasing trend in melt pool dimensions shown in Figure
13 was observed to be consistent across all laser powers investigated in this study.
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Figure 13. Optical micrographs of melt pools observed parallel to the build direction at scan
speeds of: (a) 200 mm/s, (b) 400 mm/s, (c) 600 mm/s, (d) 800 mm/s. Laser power, hatch spacing,
and slice thickness were constant at 125 W, 120 µm, and 30 µm, respectively
As reported in Figure 14, experimental results indicated a general decrease in melt pool
dimensions as laser scan speed increased. At slow scan speeds, i.e. high energy densities, the
magnitude of the measured melt pool depth was much higher than the measured melt pool width,
and the trend became more prevalent at higher laser powers. Continued increase in laser scan speed
beyond the high energy density threshold produced shallower melt pool depths. Furthermore,
samples fabricated at 125 W exhibit a more gradual decrease in melt pool depth compared to the
abrupt transition exhibited with higher laser powers. In contrast, the melt pool widths decreased
gradually when fabricated at powers between 125 – 275 W, but decreased abruptly only when
fabricated at 350 W.
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Rosenthal’s equation [50] was employed as an analytical expression to illustrate the melt
pool trend over a wide range of laser scan speeds. The predicted melt pool dimensions were
obtained as given by:

T = To +

Q
2πRk

exp(

-v(ξ+R)
2α

)

(5)

where T is the final temperature, To is the build plate temperature, Q is the laser power, k is thermal
conductivity, v is laser scan speed, R = (ξ2+y2+z2)1/2 is the radial distance from the center of the
laser beam, ξ is the distance along the beam travel direction, y is the distance parallel to the build
plate, and z is the distance parallel to the build direction.
The predicted melt pool dimensions are plotted in Figure 14 as a function of laser scan
speeds. The plotted Rosenthal melt pool width corroborate well with the experimental results and
clearly depicts a gradual decrease over an increasing range of laser scan speeds. Comparison of
experimental melt pool depth with respect to the predicted Rosenthal values yielded distinct
results. Melt pool depths calculated using Rosenthal’s equation under-estimated the experimental
measurements for samples fabricated with high energy densities. As the laser scan speed increased,
the predicted melt pool depth became comparable to experimental results.
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Figure 14. Melt pool dimensions and Rosenthal predicted values as a function of laser scan speed
at constant hatch spacing and slice thickness of 120 µm and 30 µm, respectively
4.2.3

Cellular Spacing with Varying Powers and Scan Speeds

In general, Optical micrographs revealed microstructure corresponding to overlapping
consecutive melt pool formation as presented in Figure 15a, and this was observed in all samples
when looking parallel to the build direction, i.e., XZ cross section. As exhibited in Figure 15b, the
XY cross section consisted of a network of discontinuous and multidirectional laser tracks. This is
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due to the use of a laser scan rotation angle strategy, for example, of 16°. Figure 15c and Figure
15d depicts a high magnification BSE micrograph of a melt pool boundary showing both equiaxed
cellular dendrites and elongated dendrites microstructure within XZ cross sections.

Figure 15. Optical micrographs of LPBF IN718 obtained (a) parallel to the build direction and
(b) perpendicular to the build direction. BSE micrographs of LPBF IN718 (c) parallel to the
build direction and (b) perpendicular to the build direction. Laser power, laser scan speed, hatch
spacing, and slice thickness were constant at 125 W, 800 mm/s, 120 µm, 30 µm, respectively
The XY cross sections revealed a more refined equiaxed cellular network. Similar to the
microstructure observed in the powder feedstock, the as-printed cellular microstructure consists of
Nb segregated cellular boundaries around the primary γ-matrix. Measurement of cell size via
image analysis was carried out for all fabricated specimens using SEM micrographs taken from
the XY cross sections due to the invariability and equiaxed cellular network. As a result of rapid
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cooling inherent to LPBF, the formation of cellular microstructure and the corresponding cellular
spacing in IN718 is dependent on the cooling rate of the molten pool. The observed variation in
cell size as a function of laser scan speed are shown in Figure 16. A general decrease in cell size
was observed with increasing laser scan speeds. Confirmation via quantitative measurements
plotted in Figure 17 clearly depicts the inherent decrease of the average cellular spacing over an
increasing range of laser scan speeds.

Figure 16. Backscatter micrographs showing cellular microstructure observed perpendicular to
the build direction at laser scan speeds of: (a) 200 mm/s, (b) 400 mm/s, (c) 600 mm/s, (d) 800
mm/s. Laser power, hatch spacing, and slice thickness were held constant at 125 W, 120 µm, and
30 µm, respectively
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Figure 17. Average cell size as a function of laser scan speed. Laser power, hatch spacing, and
slice thickness were held constant at 125 W, 120 µm, and 30 µm, respectively
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4.2.4

Cooling Rate Approximation

In correlating the cooling rate of melt pools to the measured cell size, a phenomenological
method that relates the secondary dendrite arm spacing (SDAS) to the cooling rate was employed.
To estimate the cooling rate, the measured cellular spacing was used in leu of the SDAS. The
calculated values were obtained as given by:
λ = 50ε - 30

(6)

In addition, Rosenthal’s equation describes the change in temperature of a moving point
heat source, which can be employed in estimating the change in temperature of a moving laser at
a specified laser scan speed. Therefore, the cooling rate of each sample was also estimated using
Rosenthal’s equation to illustrate the trend of cooling rates as a function of laser scan speeds. A
simplified Rosenthal equation [50] used to obtain the cooling rates is as follows:

ε = 2πk(Ts -To )(TL -To )

v
Q

(7)

where k is the thermal conductivity, Ts is the solidus temperature, To is the build plate temperature,
TL is the liquidus temperature, v is the laser scan speed, and Q is input energy described as the
product of laser power (P) and laser absorption coefficient (A). The Rosenthal equation assumes
constant average thermal properties such as thermal conductivity and laser absorptivity; however,
this is not the case in LPBF. Based on high speed imaging [17], the powder bed melts within a few
microseconds; therefore, estimated values were calculated using materials constants at room
temperature as well as at the liquidus temperature to illustrate the potential difference in cooling
rate behavior. Thermophysical properties specific to IN718 used in equation (7) are listed in Table
9. As shown in Figure 18, Rosenthal (liquids) indicate estimated values using thermal properties
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at the liquidus temperature while Rosenthal (solid) indicate estimated values using room
temperature constants. Approximated results obtained from SDAS and Rosenthal are listed in
Table 10.

Table 9.Thermophysical properties of IN718 used in cooling rate estimation [50, 51]
Thermophysical Property

Value

Thermal conductivity, k (room temperature)

11.4 W/mK

Thermal conductivity, k (liquidus temperature)

26.7 W/mK

Absorptivity, A (room temperature)

0.62

Absorptivity, A (liquidus temperature)

0.07

The measured cellular spacing assumed as SDAS yields cooling rates in the range of 106
K/s for all LPBF parameters examined. Cooling rate estimated based on Rosenthal’s equation
using room temperature thermal properties was in the order of 105 K/s to 106 K/s. At slower laser
scan speeds, the difference in cooling rate determined between SDAS measurement and Rosenthal
equation was larger than that at higher scan speeds. The cooling rates calculated using Rosenthal
equation with thermal conductivity and laser absorptivity of the liquid phase yielded cooling rates
in the order of 106 to 107 K/s. In general, the estimated cooling rates increased as the scan speed
increases, which corroborate well with the decreasing cell size with faster laser scan speeds.
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Table 10. Approximated cooling rates obtained via SDAS and Rosenthal equation
Power
(W)

125

200

275

350

Scan Speed
(mm/s)

SDAS
x106 K/s

Rosenthal (liquid)
x106 K/s

Rosenthal (solid)
x106 K/s

200
400
600
800
200
400
600
800
1000
1200
1400
1600
1800
400
600
800
1000
1200
1400
1600
1800
2000
600
800
1000
1200
1400
1600
1800
2000
2200

0.969 ± 0.493
1.505 ± 0.550
1.275 ± 0.437
2.427 ± 1.024
1.431 ± 0.576
1.212 ± 0.762
1.304 ± 0.624
0.976 ± 0.188
2.194 ± 1.192
1.247 ± 0.406
2.341 ± 0.923
2.619 ± 1.372
2.629 ± 1.150
1.053 ± 0.218
1.234 ± 0.382
1.050 ± 0.371
1.411 ± 0.592
1.871 ± 1.369
1.354 ± 0.390
1.699 ± 0.556
3.230 ± 1.296
2.235 ± 0.378
1.156 ± 0.778
1.171 ± 0.331
1.374 ± 0.794
1.775 ± 0.825
0.867 ± 0.190
0.915 ± 0.248
2.043 ± 0.814
1.272 ± 0.498
1.627 ± 0.685

5.377
10.753
16.130
21.507
3.360
6.721
10.081
13.442
16.802
20.162
23.523
26.883
30.244
4.888
7.332
9.776
12.220
14.664
17.108
19.551
21.995
24.439
5.761
7.681
9.601
11.521
13.442
15.362
17.282
19.202
21.123

0.259
0.518
0.778
1.037
0.162
0.324
0.486
0.648
0.810
0.972
1.134
1.296
1.458
0.236
0.353
0.471
0.589
0.707
0.825
0.946
1.060
1.178
0.278
0.370
0.463
0.555
0.648
0.741
0.833
0.926
1.018

39

Figure 18. Comparison between SDAS and Rosenthal cooling rates calculated with
thermophysical properties at room temperature and liquidus temperature
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4.3

Effects of Laser Scan Rotation Angles

To examine the influence of laser scan rotation on part density, laser scan speed, hatch
spacing, and slice thickness were kept constant at 900 mm/s, 120 µm, 30 µm, respectively. As
depicted in Figure 19, variation in laser scan rotation angle exhibited minimal effects on the overall
part density at laser powers from 200 W to 350 W. However, at a laser power of 125 W, significant
differences in flaw formation were observed. When the laser scan rotation angle used was zero
degree i.e. unidirectional scanning, a semi-continuous pattern of flaws was observed across the XZ
and XY cross sections as shown in Figure 19. At an angle rotation of 16 degrees, the semicontinuous network of defects was replaced by sparsely distributed flaws. Increasing the scan
rotation angle to 30, 45 and 60 degrees produced some amount of networked flaws. Increasing the
scan rotation angle to 90 degrees produced grid-like pattern of flaws was observed in the XY plane.
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Figure 19. Optical micrographs of XZ and XY cross sections of IN718 fabricated with varying
laser scan rotation and laser power at constant hatch spacing, and slice thickness of 120 µm and
30 µm, respectively
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4.3.1

Quantification of Defects with Varying Laser Scan Rotation Angles

While higher laser powers resulted in high density parts, a lower laser power of 125 W
produced samples with lower part densities. As outlined in Table 11 and plotted in Figure 20, scan
rotation angles of 16, 30, 45, and 60 degrees had minimal effects on part density. In contrast, part
density of specimens using scan rotation strategy of 0° and 90° resulted in densities of ~90% and
~96%, respectively.
Table 11. Density of specimens with varying laser scan rotation angles via image analysis and
Archimedes’ method
Laser
Power

125 W

200 W

275 W

350 W

Scan Rotation
Angle

Image Analysis
XZ (%)

Image Analysis
XY (%)

Archimedes
(%)

0°
16°
30°
45°
60°
90°
0°
16°
30°
45°
60°
90°
0°
16°
30°
45°
60°
90°
0°
16°
30°
45°
60°
90°

90.703 ± 2.200
98.379 ± 0.300
98.613 ± 0.482
98.678 ± 0.633
99.188 ± 0.267
95.124 ± 0.834
99.992 ± 0.008
99.995 ± 0.002
99.989 ± 0.005
99.985 ± 0.005
99.979 ± 0.012
99.963 ± 0.026
99.977 ± 0.017
99.985 ± 0.005
99.987 ± 0.017
99.979 ± 0.022
99.975 ± 0.027
99.967 ± 0.034
99.999 ± 0.001
99.993 ± 0.004
99.982 ± 0.011
99.992 ± 0.005
99.992 ± 0.011
99.995 ± 0.005

90.429 ± 2.501
98.561 ± 0.472
97.892 ± 1.093
98.801 ± 0.244
98.859 ± 0.285
96.792 ± 0.575
99.997 ± 0.003
99.994 ± 0.002
99.989 ± 0.018
99.987 ± 0.014
99.992 ± 0.006
99.991 ± 0.006
99.992 ± 0.009
99.990 ± 0.004
99.992 ± 0.003
99.989 ± 0.007
99.986 ± 0.018
99.976 ± 0.004
99.998 ± 0.003
99.996 ± 0.028
99.975 ± 0.028
99.992 ± 0.006
99.982 ± 0.014
99.991 ± 0.007

92.8 ± 0.15
98.3 ± 0.24
98.4 ± 0.10
98.3 ± 0.10
98.4 ± 0.13
97.0 ± 0.19
99.6 ± 0.15
99.6 ± 0.06
99.5 ± 0.07
99.4 ± 0.19
99.5 ± 0.15
99.6 ± 0.07
98.9 ± 0.03
99.0 ± 0.03
99.0 ± 0.04
98.7 ± 0.17
98.7 ± 0.09
98.3 ± 0.05
99.7 ± 0.05
99.8 ± 0.08
99.9 ± 0.04
99.9 ± 0.05
99.8 ± 0.09
99.9 ± 0.05
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Figure 20. Density as a function of laser scan rotation angles
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4.3.2

Melt Pool Dimensions with Varying Laser Scan Rotation Angles

Similarly, melt pool widths and depths were obtained for samples printed with varying
laser scan rotation angles. The results are plotted in Figure 17 as a function of laser scan rotation
angle at constant laser scan speed, hatch spacing, and slice thickness of 900 mm/s, 120 µm, and
30 µm, respectively. For samples printed with 125 W and 200 W, no discernable differences were
observed in both the melt pool width and depth. Overall, the melt pool widths were larger than the
depths, which corresponds a conduction melting mode. At higher laser powers of 275 W and 350
W, there were no observable trend in melt pool dimensions when plotted as a function of laser
scan rotation angles.
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Figure 21. Melt pool dimensions as a function of laser scan rotation angles
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4.3.3

Cell size with Varying Laser Scan Rotation Angles

While the laser scan rotation angles were systematically varied at constant scan speed,
hatch spacing and slice thickness of 900 mm/s, 120 µm, and 30 µm, respectively, the same laser
scan rotation strategies were utilized at laser powers of 125 W, 200 W, 275 W, and 350 W. As
shown in Figure 22, cross sections obtained perpendicular to the build direction consists of
equiaxed cellular microstructures regardless of laser scan rotation angle and laser power. At 125
W, a 0° scan rotation angle were observed to produce slightly larger cellular microstructures
compared to samples printed with the same laser power but different laser scan rotation angles. To
illustrate the trend of cell size as a function of laser scan rotation angle, the average cell size is
plotted in Figure 23. In general, the average cell size of samples printed using laser scan rotation
of 0° were larger than that observed for samples with other scan rotation angles.
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Figure 22. Backscatter micrographs showing cellular microstructure observed perpendicular to
the build direction of samples printed with laser power, scan speed, hatch spacing, and slice
thickness of 125 W, 900 mm/s, 120 µm, and 30 µm, respectively. The laser scan rotation angles
are: (a) 0 degrees, (b) 16 degrees, (c) 30 degrees, (d) 45 degrees, (e) 60 degrees, (f) 90 degrees
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Figure 23. Average cell size as a function of laser scan rotation angles at constant scan speed,
hatch spacing, slice thickness of 900 mm/s, 120 µm, and 30 µm, respectively
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CHAPTER 5 DISCUSSION
5.1

Parametric Investigation of SLM of IN718

Results from parametric investigation indicated that laser power and laser scan speed can
dramatically alter the relative density when fabricated at a constant hatch spacing and slice
thickness. Optical micrographs shown in Figure 10 clearly display the transition from induced trap
gas pores to high part density, and finally to insufficient melting. The critically low or high energy
density input ultimately affects the melting, fluid flow, and solidification process during lasermaterial interaction. As the energy density increases, the powder bed become rapidly molten and
subsequent vaporization of material results in a cavity filled with vapor or plasma [52]. Upon
solidification, collapse of the keyhole melt pools proceeds when the aggressive vapor pressure is
lower than ambient pressures [53]. Consequently, at very high energy density, rapidly solidifying
walls prevent the vapor-filled cavity from escaping the deep fluctuating keyholes during
mechanical collapse [54]. When laser absorption is insufficient in maintaining the required recoil
pressure, the more dominant surface tension will keep the liquid surface as small as possible and
prevent the occurrence of a keyhole [55]. In direct contrast, very low energy density resulted in a
clear engagement of conduction mode. Of particular interest, the powder bed is melted by heat
conduction effects at higher laser scan speeds and the shape of conduction mode melt pools is
controlled by thermal conduction [37].
As presented in Figure 14, the estimated melt pool width corroborates well with the
experimental results. Conversely, the estimated melt pool depth obtained from the simple
Rosenthal equation was in general lower than the measured depth of melt pools under keyhole
mode. Since the Rosenthal equation gives the predicted temperature both at and below the

50

interacting surface, combinations of ξ, y, and z in which the temperature reaches the liquidus
temperature will provide estimates of the melt pool size and shape. Thus, unstable keyholes with
significant internal temperature variation and dynamic fluid flow [56] will require more complex
models capable of addressing the intrinsic multi-level physics dilemma.
While the influence of laser power and laser scan speed produced distinct melt pools and
microstructures, it is important to note that the effects of hatch spacing could also be an effective
way to improve the density of SLM parts. As shown in Figure 19, SLM samples fabricated at laser
power, scan speed, hatch spacing, and slice thickness of 125 W, 900 mm/s, 120 µm, and 30 µm,
respectively, had low density across all investigated laser scan rotation angles. While keeping other
processing parameters constant, an additional set of specimens shown in Figure 24 was fabricated
with a reduced hatch spacing from 120 µm to 60 µm to confirm the increase in part density.

Figure 24. Optical micrographs of XZ and XY cross sections of IN718 fabricated with varying
laser scan rotations at laser power, scan speed, and slice thickness of 125 W, 900 mm/s, and 30
µm. A reduction in laser hatch spacing from 120 µm to 60 µm was utilized
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As shown in Figure 24a, the specimen printed with a 120 µm hatch spacing had insufficient
overlapping of melt pools, which resulted in a clear formation of defects between each laser scan.
The reduced hatch spacing of 60 µm, shown in Figure 25b, produced sufficient overlapping of
melt pools and consequently, a clear mitigation in lack of fusion flaw was observed. Furthermore,
the melt pool shapes in both samples were observed to be significantly different. Figure 25a depict
a cross sectional view of the specimen fabricated with a hatch spacing of 120 µm. The melt pools
observed at the last layer indicate predominantly beading phenomenon, which is most likely
attributed to the absence of remelting during fabrication. In contrast, the specimen fabricated using
a hatch spacing of 60 µm shown in Figure 25b had continuous melt pool overlap i.e. remelting of
the adjacent melt pool.

Figure 25. Optical micrographs of XZ cross section with laser power, scan speed, and slice
thickness of 125 W, 900 mm/s, 30 µm, respectively, at hatch spacing: (a) 120 µm, (b) 60 µm
As shown in Figure 19, varying laser scan rotation angle for every successive layer
produced minimal difference in part density when fabricating above a laser power of 200 W. Since
there were no significant differences in the relative density, the cellular microstructure may contain
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more interesting results. Quantitative microscopy completed using backscatter electron
micrographs of the cellular microstructure suggested that there is slight variation in the formation
of cell structures. As plotted in Figure 23, the average cell size for the specimen printed at 125 W
and 0° scan rotation angle was larger than specimens printed at the same power but different laser
scan rotation angles. This is most likely due to the poor heat dissipation within the fabricated
sample. As depicted in Figure 25a, an optical micrograph of the XZ cross section of the sample
without laser scan rotation strategy shows lack of fusion flaws between each laser raster. The
inherent voids and free space prevent effective heat transfer to the neighboring melt pools. Instead,
heat transfer is forced to proceed through the previously solidified layers and travel down the
“column” and dissipate into the build plate. Quantification of cell size and estimation of cooling
rates for samples printed at 125 W with varying laser scan rotation angles were tabulated in Table
12. Despite having a constant volumetric energy density, the large average cell size was observed
for the specimen printed without laser scan rotation (0°), which corresponds to a slower cooling
rate compared to samples fabricated with other scan rotation angles.

Table 12. Cell size and SDAS cooling rates of varying scan rotation angles at laser power, scan
speed, hatch spacing, and slice thickness of 125 W, 900 mm/s, 120 µm, and 30 µm, respectively
Laser Scan Rotation Angle
(°)

Cellular Spacing
(µm)

Estimated Cooling
Rate x 106 (K/s)

0

0.56 ± 0.09

1.01 ± 0.65

16

0.39 ± 0.06

3.30 ± 1.55

30

0.44 ± 0.05

1.79 ± 0.49

45

0.38 ± 0.05

2.85 ± 1.12

60

0.43 ± 0.06

2.10 ± 0.85

90

0.46 ± 0.08

1.23 ± 0.20
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At higher laser powers, e.g. 275 W and 350 W, the average cell size varied more
pronouncedly when fabricated with the same laser scan rotation strategies. At a constant laser scan
speed, hatch spacing, and slice thickness of 900 mm/s, 120 µm, and 30 µm, respectively, the melt
pool depth increased with increasing laser power. As a result, keyhole melt pools observed at 275
W and 350 W have depths much greater than those observed at 125 W and 200 W. The relationship
between cell size and cooling rates plotted in Figure 17 show that the cellular spacing is dependent
on the cooling rate of the melt pool. Through single laser track studies, Wang et al. [39] compared
the solidification behavior between melt pools under conduction and keyhole mode. They observed
that the thermal gradient, G and solidification rate, R varied within the melt pool. From the bottom
to the top, G decreased, and R increased, regardless of melting modes. Since the cooling rate, ε,
affects the cell size via SDAS equation, ε and is further related to G and R in the following relation:
ε = GR [20]

(8)

The cell size will vary as a function of position within the molten pool. Figure 26a show
the melt pool depth of a specimen fabricated at 200 W, while Figure 26b show the melt pool depth
of a specimen fabricated at 350W. Deeper melt pool observed at higher laser powers would have
more variation in G and R, and their magnitudes would become more distinct when compared
between the surface, middle, and the bottom of the melt pool. As shown in Figure 27a, the typical
cell size observed near the melt pool surface is much larger than cells observed at the middle
(Figure 27b) and at the bottom (Figure 27c) of the melt pool. Ultimately, the cell size observed
perpendicular to the build direction will vary in magnitude depending on its relative position within
the melt pool when the energy density is high enough to induce keyholing phenomenon.
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Figure 26. Melt pool comparison between (a) 200 W and (b) 350 W at scan rotation angle, scan
speed, hatch spacing, and slice thickness of 16°, 900 mm/s, 120 µm, and 30 µm, respectively

Figure 27. Cell size within deep melt pools observed: (a) near melt pool surface, (b) middle of
melt pool, (c) near the bottom of melt pool of sample fabricated at power, speed, hatch spacing,
and slice thickness of 350 W, 900 mm/s, 120 µm, and 30 µm, respectively
5.2

Cooling Rate Approximation

The SDAS is an important parameter in solidification because it indicates the diffusion
distance in the solidification process and directly influences the microsegregation. The simple
model proposed by Kattamis et al. [57] was used to predict the final SDAS based on coarsening
mechanism. Since the cell size was used in place of the secondary dendrite arm, the approximated
cooling rate can only provide a semiempirical illustration of the trend of cooling rates over an
increasing range of laser scan speed. Nonetheless, estimated values obtained from equation (6) are
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consistent with numerically simulated values for the SLM process [58]. Alternatively, cooling
rates were also estimated using Rosenthal’s equation to illustrate the relative difference in trend
and magnitude with respect to values obtained by equation (6). Although the estimated cooling
rate by Rosenthal equation used thermophysical properties of IN718 at room temperatures, the
trend and magnitude were comparable to those estimated by measurement of cell size. Since the
use of equation (7) rely on thermophysical constants, estimated values can only illustrate the trend
of cooling rates over a range of laser scan speed.
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CHAPTER 6 SUMMARY AND CONCLUSIONS
Cuboidal specimens were fabricated by LPBF using IN718 powder feedstock by varying
LPBF parameters such as laser power, laser scan speed, and laser scan rotation angle to identify
the optimal processing window. When fabricated at 125 W, the optimal processing window was
very small and an abrupt transition from circular pores to irregular flaws was observed. At higher
laser powers, the transition from circular porosity to irregular flaws were more gradual,
corresponding to a larger optimal processing window. Relative density higher than 99.5% was
observed when samples were fabricated with energy density within the range of 50 – 100 J/mm3.
Examination of sample cross section parallel to the build direction revealed variation in melt pool
geometries. Laser-material interaction at low laser scan speeds produced keyhole melt pools with
depths much greater than the half width. At moderate laser scan speeds within the optimal
processing zone, melt pools had mixed combination of keyhole and conduction melting. At high
laser scan speeds, development of conduction melt pools was observed.
Rosenthal’s equation was adopted to estimate melt pool dimensions. Melt pool widths
measured by microscopic observation and estimated by Rosenthal equation were comparable in
magnitude for all laser powers examined within this study. However, melt pool depth estimation
by Rosenthal’s equation under-estimated the experimental measurement, particularly when the
energy density was high. At faster scan speeds, i.e. lower energy density, calculated depth was
similar to that of experimental results.
Quantification of the cellular microstructure indicated there is a decrease in the cellular
spacing as the laser scan speed increased. Correspondingly, estimated cooling rates obtained via
cell size measurement increased with an increase in laser scan speed. Rosenthal’s equation was
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also employed in estimating cooling rates. The approximated cooling rates corroborated an
increasing cooling rate with an increase in laser scan speed. Cooling rates estimated by both the
cell size measurement and Rosenthal equation yielded results in the order of 105 to 107 K/s.
Improved relative density was achieved even at low energy densities when a repeated
overlapping of melt pools is minimal. At a constant hatch spacing, and slice thickness of 120 µm,
and 30 µm, respectively, relative density was minimally influenced by the variations in laser scan
rotation angles when fabricated above 200 W. Cell size did not vary significantly as a function of
laser scan rotation angle at laser powers of 125 W and 200 W. Slight variations were observed at
laser powers of 275 W and 350 W due to fluctuation in the thermal gradient within the deeper melt
pool.
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CHAPTER 7 FUTURE WORK
With respect to the optimization of processing parameters for LPBF of IN718, a few
optimal processing windows were identified in this thesis. While high part density can be achieved
when printed within the optimal processing window, the resulting surface finish may not be
optimized. In other words, a part may be very dense; however, the laser-material interaction may
produce melt pools under conduction or keyhole modes where the weld bead can severely impact
the surface roughness of the component. As such, correlation between melt pool dimensions and
surface roughness could warrant future efforts. Although a high-density component could be
fabricated within the optimal processing window, its mechanical properties may be suboptimal.
To relate between processing parameters and tensile properties, future efforts could be devoted to
investigating the variation in high temperature mechanical properties as a function of processing
parameters.
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